It has been proposed that oxidative stress is the common mediator of apoptotic cell death in AIDS. However, mechanistic relationships between oxidative damage and cell death are far from clear. It is reported here that the mitogenic activation of T lymphocytes from human immunodeficiency virus -positive subjects involves perturbation of redox balance, as indicated by the increase in hydroethydine intracellular oxidation and manganese superoxide dismutase adaptive induction. Principal molecular targets of oxidative injury are cellular proteins whose content in carbonyl groups increases together with a dramatic increase in degradation of newly synthesized proteins catalyzed by the ATP-and ubiquitin-dependent proteolytic system. The major consequence of this metabolic anomaly is the decrease in protein cell mass leading to cells that are smaller than normal at lethal mitosis.
A large body of data on in vitro human immunodeficiency injury causes perturbation of cell protein metabolism. Following ubiquitination, oxidatively modified proteins are selectively virus (HIV) infection and biochemical clinical studies suggests that oxidative stress plays a role in AIDS pathogenesis. Recent degraded by multicatalytic proteinase complexes called proteasomes [13 -15] . Targets of such structural modifications might reports have implicated intracellular excess of reactive oxygen species (ROS) in the induction of HIV expression [1 -4] and include various enzymes whose oxidative inactivation could be of physiologic importance as part of a regulatory system. in the initiation of apoptotic cell death [5] . Studies showing a decrease in glutathione in peripheral blood mononuclear cells Protein oxidative inactivation also plays a role in the pathogenesis of a variety of diseases [16 -19] . Therefore, the aim of from symptom-free persons offer further evidence of a metabolic alteration leading to the decreased ability to counteract this work was to determine if HIV infection causes changes in protein synthetic balance attributable to an altered cell redox oxidative stress [6] . These findings, together with other alterations of biochemical indicators of systemic oxidative damage status. Peripheral blood lymphocytes were purified from healthy controls and infected asymptomatic donors and were that have been observed [7 -9] , suggest that antioxidants can be useful in inhibiting viral replication and cell death in patients studied for their ability to maintain a normal oxidant-antioxidant balance in different proliferative conditions. The relationwith HIV infection and AIDS [10, 11] . However, it is currently difficult to evaluate the efficacy of such treatment protocols ship between redox status, protein synthesis balance, and mitotic activity was also evaluated. without biochemical indicators of oxidative tissue damage that can be reliably and repeatedly measured. It would therefore seem necessary to identify specific molecular targets of oxidaMaterials and Methods tive injury caused by HIV on its principle target cell (i.e., and Western blot) persons were recruited from the Paris and AnMechanisms of oxidative molecular damage to DNA and cona/Messina areas. All HIV-positive subjects were asymptomatic lipids in human diseases are well known [12] . Oxidative tissue (CDC classification) , and CD4 lymphocyte counts ranged from 200 to 1200 cells/mL. Forty-eight healthy controls were used for the study. containing methionine in excess. The newly synthesized polypepflow cytometric analysis as previously described [24] . MnSOD tides (pulse) and residual radioactive peptides (chase) were anaintracellular content (18 patients, 21 controls) was assessed by lyzed by PAGE as previously described [28] . Each lane received ELISA (Bender Medsystem, Vienna); values are in nanograms of the same number of cells (2 1 10 5 ), and the radioactive content enzyme associated with 10 6 cells. Enzymatic activity was measured associated with the loaded cells was verified using phase liquid by a method previously described [25] .
scintillation. Carbonyl content in TCA-precipitable fractions of PBMC (7 Electrophoresis and Western blotting of ubiquitinated proteins patients, 7 controls) was determined by a method previously de-(8 patients, 8 controls) were performed as follows. SDS-PAGE scribed [26] . To obtain good reproducibility of the assay, we used was carried out using a minigel apparatus (Bio-Rad, Hercules, CA) sufficient amounts of lymphocytes that were purified by several according to Laemmli [29] . Samples were boiled at 100ЊC for 5 washings in order to eliminate contamination by red blood cells. min in sample buffer containing 2% mercaptoethanol. Coomassie Protein synthesis and degradation, and protein ubiquitination.
blue R-250 (Sigma) was the stain used. Molecular mass standards General protein synthesis was measured in initial velocity by used were 200, 116, 97, 66, 45, 31, and 21 kDa (Bio-Rad). The [ 3 H]leucine incorporation (2 mCi/mL RPMI, 10% FCS) in TCAgels were electroblotted according to Towbin et al. [30] . Blots precipitable fractions of cultured PBMC (36 h for 59 patients were first incubated with rabbit anti-ubiquitin antibody (Sigma; and 48 controls; 0, 16, and 48 h for 16 patients and 16 controls). dilution 1:200) and then with a goat anti-rabbit IgG-horseradish Briefly, aliquots of 0.5 1 10 6 cells were washed three times in peroxidase conjugate (dilution 1:3000) as a secondary antibody complete RPMI at the peak of protein synthesis and then incu-(Bio-Rad). Enhanced chemiluminescence was used as a detection bated for 30 min in fresh medium (10 6 Lymphocytes from controls and patients were purified, cultured, and stimulated as described in Methods. CD3 and CD25 mean fluorescence intensity was expressed in arbitrary units. Proline uptake (amino acid transport system A) was determined as described in Methods; values were expressed as pmol/min/10 6 cells. IL-2 production (ng of protein/10 6 cells) was measured by ELISA as described in Methods. All measurements were done on lymphocyte cultures from 15 HIV-infected patients (HIV) and 18 controls (Ct). Proline uptake and CD3 and CD25 measurements were repeated 3 times on cells from each culture. Interleukin (IL)-2 measurements were repeated 3 times for patient lymphocytes and 5 times for control lymphocytes. Values are means { SEs.
measures of IL-2 production, surface molecule expression, and tients was chronologically related to the commitment of cells into the S phase of the cycle (figure 3). uptake of small metabolites, all sequential events typically associated with cell transition from G0 to G1 [31] . Following
In these proliferative conditions, alterations of cell redox balance and related protein oxidative modifications were studmitogenic stimulation, cells from controls and HIV-infected persons were synchronously recruited into the G1 phase, on ied by measuring hydroethydine oxidation, MnSOD cell content and activity, and protein carbonyl content (figure 4). the basis of CD3 and CD25 expression, proline uptake, IL-2 synthesis (figure 1), and leucine incorporation into newly Methods for quantitation of oxygen free radical production are frequently based on measurements of extracellular release synthesized cell proteins (figure 2). The initiation of DNA synthesis, as assessed by thymidine incorporation, was obof reactive oxygen species (ROS), while the direct evaluation of intracellular hydroethydine oxidation allows us to determine served 60 h after stimulation and reached a peak at 84 h (figure 2). Therefore, no modifications in DNA cell content were found the amount of ROS, particularly of O 20 , in the cytoplasm or in other subcellular structures (or both). After activation, the by cytometric methods until this time (not shown). Cell death, as assessed by trypan blue dye exclusion, was comparable percentage of cells able to oxidize hydroethydine to the red fluorescent product ethidium bromide increased in HIV-positive in cultures from HIV-infected and control persons, while the initiation of a massive apoptotic process in cultures from papersons and remained relatively constant in controls (figure 4).
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The simultaneous rise in the number of cells able to oxidize hydroethydine and of cell MnSOD content indicates that intraadaptively rises in response to the increased intracellular concentration of oxygen free radicals. Similar adaptive events are cellular oxidant-antioxidant balance shifts together with the mitogenic activation of lymphocytes from HIV-infected perfound in cells exposed to molecules such as dioxygen [32] , paraquat [33] , or tumor necrosis factor [34] , whose toxicity is sons. This evidence suggested the rationale for investigating the oxidative status of cell macromolecular structures by meadue to alterations of cell redox status. We verified that mitogenic activation of lymphocytes from HIV-infected persons suring the protein content in carbonyl groups, the increase of which normally reveals oxidative alterations to proteins [26] . involves an increase in MnSOD cell content and that this adaptive response was accompanied by a strong decrease in specific
Starting from similar values in resting cells, protein carbonyl content reached values 12 -14 times higher in lymphocytes activity (figure 4). Values are means of 3 independent determinations that did not differ by ú10%. Protein carbonyl content (nmol/mg) was studied in 7 patients and 9 controls. Significant differences in MnSOD expression and activity, protein carbonyl content, and hydroethydine oxidation in comparison to controls were evaluated by analysis of variance with Bonferroni correction (P õ .05).
from HIV-positive subjects but remained constant in controls It is known that oxidative modification of proteins involves an increase in degradation [13] . To better define the possible until the G1/S transition (figure 4).
In conclusion, CD3 and CD25 expression, proline uptake, consequences of the increase in carbonyl content that occurs at the same time as the expression of such specific proteins as and IL-2 production, all metabolic events related to cell activation, were comparable in lymphocytes from controls and HIV-CD3, CD25, and IL-2 (early G1) and as the activation of cell machinery for general protein synthesis (late G1), we measured infected persons in every regard, including the time of appearance of each event. These data, integrated with those from the parameters of protein turnover. The rate of protein synthesis measured in initial velocity and degradation, measured as halfcytometry, allow us to estimate that cells are synchronously grouped in the G1 phase until 48 h and that the G1/S transition life of newly synthesized molecules, was investigated at different stages of the cell cycle. occurs 48 -60 h after mitogenic stimulation. However, in the same time period, hydroethydine oxidation increases, MnSOD Cells reach a certain size, critical for the G2/M transition, by increasing their protein DNA and RNA content and by adaptively rises, and protein carbonyl content reaches values dramatically higher than those of controls. Thus, one can conconsequent arrangements of the intracellular water. The attainment of this critical mass occurs mostly during the G1 clude that proliferative commitment from G0 to G1/S involves perturbation of redox balance in lymphocytes from HIV-posiphase. Since cell protein content is the direct result of the balance between synthesis and degradation, we also evaluated tive patients.
/ 9d31$$se11
07-16-97 22:26:24 jinfal UC: J Infect cell protein content at the moment of the measure of protein constantly lower in lymphocytes from patients. This discrepancy between synthesis and half-life was found in T lymphoturnover.
Most proteins in eukaryotic cells, including oxidatively cytes from controls and patients, irrespective of the CD4 or CD8 phenotype (data not shown). damaged polypeptides, are degraded by an ATP-and ubiquitin-dependent proteolytic system [14, 15] . Degradation of a In G0, lymphocytes from patients and controls showed the same profile in SDS-PAGE and similar ubiquitination. Followprotein via the ubiquitin system involves two distinct steps: the covalent conjugation of multiple ubiquitin molecules to ing cell activation, the content in ubiquitinated protein was lower than in controls; this difference became even more the protein substrate and the degradation of the targeted protein by an ATP-dependent high-molecular-mass protease (the marked with the length of time the cells were in culture. In order to establish if the decreased half-life involved the proteasome). Thus, as a part of our experimental approach to the study of protein turnover, we next evaluated protein newly synthesized proteins uniformly, or rather, if protein degradation was restricted to specific protein bands, we carried out ubiquitination before and after lymphocyte activation.
Results are summarized in figure 5 : At time 0, the majority a series of pulse-chase experiments (figure 6). The polypeptide pattern observed in infected patients did not show major quali-(96% -98%) of lymphocytes from controls and patients were synchronized in the G0 phase, and protein synthesis was not tative differences over that of controls (lane 1 vs. lane 4). In contrast, when labeled cells were incubated for 10 h in methiodetectable. The activity of cell machinery for protein synthesis initiated 16 h (early G1) after mitogenic stimulation, peaked nine chase medium, PAGE analysis of the residual radioactive polypeptides showed a significant decrease, or complete disapat 36 h (late G1), and decreased at 48 h (G1/S transition), with similar rates of synthesis in cells from controls and patients.
pearance, of most protein bands in the cellular extracts from HIV-positive cells compared with controls (lane 2 vs. 5). This Conversely, the half-life of newly synthesized peptides was Results of these experiments are also reported by plotting creased content of carbonyl groups (a biochemical indicator of oxidative damage to cell proteins). The ability of these cells values of radioactivity still associated with cell proteins after methionine chase versus the time spent in culture in methionine to oxidize hydroethydine increases; at the same time, MnSOD cellular content adaptively rises. Since oxidatively modified chase medium.
proteins are specific targets of the ubiquitin-proteasome system [14, 15, 19] , it seems reasonable to conclude that oxidatively Discussion damaged proteins are ubiquitinated and degraded and thus the amount of ubiquitin conjugates observed is reduced. Mitogenic activation of lymphocytes from HIV-positive patients reveals a significant alteration of protein synthesis balThis perturbation of protein metabolism appears uniformly extended to CD4 and CD8 T cell subpopulations. The deance. The activation of cell translational machinery, an early event of the commitment to the cell cycle, is followed by creased half-life of newly synthesized proteins (with normal basal values of protein synthesis in initial velocity) is found in protein neosynthesis with initial rates that are similar in HIVpositive persons and controls. However, we observed that both total peripheral blood leukocytes and in CD4-and CD8-enriched T lymphocytes from infected patients. Furthermore, newly synthesized proteins are degraded at a higher rate in HIV-positive subjects, as demonstrated by pulse-chase experiwe observed this anomaly repeatedly in the many in vitro lymphocyte experiments on HIV-positive patients irrespective ments and protein half-life values.
The amount of ubiquitinated proteins in activated lymphoof CD4:CD8 ratio. In spite of the apparent discrepancy between apoptosis and cytes from HIV-infected patients was reduced. Such a reduction may result from reduced ubiquitin-conjugating activity or from cell death found in cultures from patients ( figure 3 ) that is likely due to the lysis of a certain number of dead cells, it a massive proteolytic degradation of the protein substrates that are ubiquitinated. Similar results have been obtained in our should be stressed that the majority of lymphocytes from both controls and patients were viable when proteolytic activity was laboratory (data not shown) from work with feline and murine models of disease. In murine models of AIDS, for example, measured. This was particularly true at the peak of protein synthesis (G1 phase), even though protein half-life in HIVthe rate of protein ubiquitination in lymph nodes is increased. This is not only due to the availability of more damaged propositive cells was already considerably shortened. This indicates that protein degradation is not a mere consequence of teins but also to the selective expression of ubiquitin conjugating enzymes and to the increase in proteasome activity in these cell death. The increase in proteolysis occurred before massive / 9d31$$se11 07-16-97 22:26:24 jinfal UC: J Infect cell death and apoptosis. This is acceptable if one considers mitogenic stimulus rather as an induction of apoptotic death that occurs in parallel with the G1/S transition and that is that protein degradation via ATP and ubiquitin-dependent pathways is an energy-dependent mechanism that implies cell viapreceded by proteolysis. How may this active proteolysis be responsible for apoptotic death? Perhaps the loss of coordinability [14, 15, 35] . Furthermore, the initiation of massive apoptotic death in lymphocytes from HIV-positive persons aption between attainment of a definite cell protein mass and the G1/S phase transition is significant; lymphocytes from infected peared chronologically related to the G1/S transition ( figure 3) . In our study, absolute values of thymidine incorporation are patients enter the S phase of cell cycle with a smaller protein mass (0.253 mg/10 6 cells) than that of control cells (0.351 mg/ comparable in cells from controls and patients, thus indicating that the same number of cells are recruited into S phase per 10 6 cells). Thus, in HIV infection, T lymphocyte activation leads to cells that are smaller than normal at mitosis. However, unit of time. This observation does not agree with other reports of a decrease in DNA synthetic activity in lymphocytes from the failure to reach critical mass in those moments of the cell cycle that require it is due to an increase in protein degradation. HIV-positive patients. Absolute values of thymidine incorporation, however, are greatly influenced by a number of variables. This has been previously described in cultured fibroblasts following treatment with substances that block proliferation [45] . The time spent in culture by the cells before measuring, the cell density at the moment of measuring, and the rate of DNA These cells begin to degrade proteins at a higher rate (2 -3 times) than do control cells and, as a result, they continue degradation can all influence values. We observed that in the previous phase of the cell cycle (G1), cell machinery for general onto phase transition with a lower cell protein content. This discrepancy between protein content and DNA synthesis is in protein synthesis was activated in a similar way in cells from controls and patients; consequently, such specific membrane part corrected by protease inhibitors [45] . Cells enter a definite phase of the cell cycle only after comproteins as CD3 and CD25 and carriers involved in amino acid transport system A are similarly expressed along with pletion of the metabolic processes corresponding to the phase that precedes it [46] . For example, the dependence of the M comparable patterns of molecular species synthesized at the moment of measuring. One can therefore conclude that the on the S phase is strictly controlled by the balance between synthesis and ubiquitin-dependent degradation of cyclin B [46] . increase in protein degradation affects CD4 and CD8 T lymphocytes uniformly during the G1 phase of the cell cycle, Failure to coordinate biochemical and proliferative events can determine genetic aberrations with a high incidence of lethal largely before the initiation of cell death, which coincides with the entry of cells into S phase.
mitosis [47] . For example, G2/M transition depends on p34 cdc2 kinase activity, whose premature activation induces apoptosis It has been suggested that oxidative stress is a common mediator of apoptosis [5] . This hypothesis stems from experi- [48] . The attainment of a definite protein mass is a typical event mental evidence that oxidative stimuli induce apoptosis [36 -38] , while antioxidants inhibit it [39, 40] . For example, it has of the G1 phase, when the programmed ubiquitin-proteasome dependent degradation of proteins, including cyclins, is rebeen shown that the proto-oncogene Bcl-2 inhibits apoptosis via an antioxidant pathway [41] . Furthermore, the HIV-1 -enquired at critical checkpoints of the cell cycle [49] . Therefore, to fit the protein cell mass to a specific phase transition (G1/ coded Tat protein, an inducer of apoptosis [21] , represses MnSOD activity and causes oxidative protein damage [42] .
S or G2/M), a critical balance must be maintained between protein synthesis and degradation during cell cycle progression. In AIDS pathogenesis, oxidative stress is proposed as a metabolic alteration that favors disease progression by inducing
The loss of cell cycle control by critical protein mass seems to be a final outcome of oxidative damage of proteins and can both viral replication and apoptotic death. However, while mechanisms of viral activation by oxidative stress are known result in a loss of coordination between DNA synthesis and formation of machinery necessary for cell division. [1] , the mechanistic relationship between apoptotic stimulus, alteration of redox balance, and apoptotic death in HIV infecWe also observed a discrepancy between MnSOD production and MnSOD activity in cells from HIV-positive patients tion is still far from clear.
The perturbation of protein synthetic balance described here (figure 4) that was not found in cells from controls. While control cells respond with little or no variation in MnSOD can be reasonably proposed as part of a mechanism of cell death. Of interest, massive proteolysis similar to that found by content, the entry into the G1 phase of lymphocytes from HIVpositive patients coincides with an adaptive increase in cellular us is induced in splenic lymphocytes by dexamethasone [43] . This glucocorticoid-stimulated protein degradation occurred concentration of MnSOD. MnSOD molecules, however, are produced in inactive form or are most probably oxidatively largely before cell death and was proposed as a possible mechanism of dexamethasone-induced lymphocytolysis [43] . It is inactivated. In physiologic conditions, oxidative inactivation of SOD molecules is a part of the normal control mechanism now clear that dexamethasone is a strong inductor of apoptosis in lymphocytes [44] . that protects the cell by limiting the lethal accumulation of SOD [50] . Similarly, turnover and activity of cellular enzymes, In lymphocytes from control subjects, the presence of conA (5 mg/mL) in the culture medium simply represents a mitogenic such as monoamine oxidase [51] , are often regulated by oxidative mechanisms involving fragmentation and inactivation of stimulus that leads cells into G1 commitment and G1/S transition. Lymphocytes from patients, however, perceive this same enzyme molecules.
